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Heavy axionlike particles (ALPs) with masses up to a few 100 keV and coupled with photons can be
efficiently produced in stellar plasmas. We present a new “ballistic” recipe that covers both the energy-loss
and energy-transfer regimes, and we perform the first dedicated simulation of Globular Cluster stars
including the ALP energy transfer. This argument allows us to constrain ALPs with ma ≲ 0.4 MeV and
gaγ ≃ 10−5 GeV−1, probing a section of the ALP parameter space informally known as the “cosmological
triangle”. This region is particularly interesting since it has been excluded only using standard
cosmological arguments that can be evaded in nonstandard scenarios.
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Introduction.—Axions and axionlike particles (ALPs)
are ubiquitous in modern particle physics (see, e.g.,
Refs. [1,2]). The term ALP usually refers to general
pseudoscalar particles a, with a two-photon vertex

Laγ ¼ −
1

4
gaγaFμνF̃μν; ð1Þ

where a is the ALP field, F is the electromagnetic field
strength tensor, F̃ its dual, and gaγ is the ALP-photon
coupling. Astrophysical arguments offer complementary
opportunities to probe the ALP parameter space [3–8] in
comparison with other experimental searches [9–20]. In
particular, Globular Cluster (GC) stars have been recog-
nized long ago as powerful astrophysical laboratories for
ALPs coupled to photons [4,5,21]. Such coupling would
allow for an efficient production in the stellar plasma,
leading to an additional channel of energy loss and thus
altering the stellar evolution. Consequently, the number of
stars found in the different evolutionary phases in GCs
provides a valuable tool to investigate exotic energy losses
in stellar interiors. In this context, the GC R parameter,
defined as the number ratio of horizontal branch (HB) to
red giant branch (RGB) stars

R ¼ NHB

NRGB
; ð2Þ

has been used for a long time to constrain gaγ .

Light ALPs, with ma ≲ 30 keV, are produced mainly
through the Primakoff process γ þ Ze → γ þ a, i.e., the
conversion of a photon into an ALP in the electric field of
ions and electrons in the stellar plasma. This process is
considerably more efficient in HB than in RGB stars, where
it is suppressed by the large plasma frequency and by
electron degeneracy. Therefore, for a sufficiently largeALP-
photon coupling, the ALP emission would accelerate the
stellar evolution in the HB stage, leaving the RGB phase
essentially unchanged and thus leading to a reduction of
the R parameter. Comparison with the photometric data
for 39 GCs leads to the bound gaγ ≲ 6.6 × 10−11 GeV−1

[22,23].
The Primakoff production of heavy ALPs, with

ma ≳ 30 keV, is Boltzmann suppressed, so that the bound
unavoidably relaxes forma ≫ T. However, the reduction of
the ALP flux at large masses is partially compensated by
the emergence of another ALP production mechanism, the
photon coalescence, γγ → a. Though, being thermal, this
process suffers from the Boltzmann suppression just like
the Primakoff, the steep mass dependence of the coales-
cence rate [see Eq. (3)] makes it the dominant ALP
production mechanism for ma ≳ 50 keV. The photon
coalescence process was included for the first time in
the study of the HB bound on ALPs in Ref. [24]. In that
study, free-streaming ALPs were included in the GC
simulation as a source of energy loss, and the effect of
the ALP decay, a → γγ, was accounted for only as a
reduction of the lost energy.
A phenomenological bound was then obtained by

searching for the ðma; gaγÞ pairs for which the ALP mean
free path (MFP) was smaller than the convective core
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(A similar strategy was followed in Ref. [25] to constrain
ALPs using the white dwarf initial-final mass relation,
obtaining bounds comparable to ours.), without evaluating
the impact that the energy deposition within the star would
have on its evolution. However, for values of large enough
couplings and masses a significant fraction of ALPs is
expected to decay inside the star. This effect leads to an
energy transfer within the star, where ALPs are produced at
a given position and deposit their energy by decay into
photons at another position. Thus, a reliable description of
the ALP impact on the evolution of HB stars cannot, in
general, ignore the effects of the ALP-induced energy
transport. The energy transport in stellar interior due to
exotic particles is usually described as a radiative energy
transfer. For different but complementary approaches see
Refs. [26–29]. In practice, it is treated as a diffusive
phenomenon, by including an exotic component in the
evaluation of the radiative opacity (cf. Sec. 1.3.3 in
Ref. [4]). However, if the free-streaming approximation
is valid when the ALPMFP is comparable or larger than the
stellar radius, the diffusive approach requires an ALP MFP
smaller than the characteristic temperature (or pressure)
scale height. In principle, one can treat separately free-
streaming and diffusive ALP regimes, but both these
assumptions fail in the case of intermediate ALP MFP.
For this reason, instead of considering two different recipes,
here we propose a novel ballistic model valid for any MFP
value. An algorithm based on this model of the ALP energy
transport has been included into the full network stellar
evolution code (FUNS, see Ref. [30]) and used to calculate
new HB stellar models. Though we apply our strategy to
the study of the impact of ALPs on the evolution of HB
stars, our method is quite general and can be adopted in
other cases of exotic energy transport in stars. In general,
one expects the ALP energy deposition to become espe-
cially relevant for ma ∼ 0.4 MeV and gaγ ≳ 10−6 GeV−1.
These values lay in a region, informally known as
the “cosmological triangle” (ma ∼ 0.5–1 MeV and
gaγ ∼ 10−5 GeV−1), which, though in tension with standard
cosmological arguments [31,32], is hard to access with
astrophysical considerations and current experimental
searches (see, e.g., Ref. [33]). At small masses, the
cosmological triangle is bounded by the HB bound, which
we are going to revise in this paper. The situation is shown
in Fig. 1. The excluded region from HB stars, derived with
our novel method which we will describe below, is shaded
in light red and delimited by the continuous red line. The
dotted line inside this region shows the previous bound,
from the analysis in Ref. [24]. Although, at a first look, it
may appear that our new procedure does not change the
previous result substantially, the similarity is purely acci-
dental. In fact, the analysis in Ref. [24] is based on the
crude assumption that the ALP energy loss becomes
negligible when the ALP MFP is smaller than the HB
convective core radius, thus neglecting effects of the ALP

energy deposition and, in turn, of the consequent energy
redistribution within the central convective zone. We also
notice that the cosmological triangle is bounded at small
couplings by the region (in light green) excluded by
Supernova (SN) 1987A in the regime of ALPs trapped
in the SN core [34], while at larger couplings by the
parameters (in blue) excluded by direct searches at beam
dump experiments [11,19,20]. By requiring that the energy
deposited by decaying ALPs in the outer envelopes of the
SN progenitor star must be lower than the SN explosion
energy ESN ∼ 1051 erg, couplings gaγ ≲ 5 × 10−5 GeV−1

for ma ≲ 10 MeV would be excluded [34] (orange dashed
band in Fig. 1). However, since a self-consistent SN
simulation including ALP energy deposition is not yet
available, it is worth using another independent approach to
probe this region.
ALP emissivity.—In this Letter, we are mostly concerned

with massive ALPs, in the region of the cosmological
triangle. As discussed above, the dominant production rate
in this regime is the photon coalescence process, γγ → a
(see Ref. [24]), while the Primakoff process can be
neglected. In this case, the ALP production rate per unit
volume and for ALP energy between E and Eþ dE is

d _na
dE

¼ g2aγ
128π3

m4
ap

�
1 −

4ω2
pl

m2
a

�
3=2

e−E=T; ð3Þ

where ωpl is the plasma frequency, p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 −m2

a

p
is the

ALP momentum, and the photon distributions are approxi-
mated as Maxwell-Boltzmann.
In the following, the plasma frequency will be neglected

since in a HB star ωpl ≲Oð10Þ keV, much smaller than the
mass ma > 100 keV we are interested in. From Eq. (3), the
ALP emissivity (per unit mass) is given by the following
expression:

FIG. 1. Overview of the parameter space around the cosmo-
logical triangle. See text for more details.
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εa ¼
1

ρ

Z
∞

ma

dEE
d _na
dE

; ð4Þ

where ρ is the matter density.
ALP energy deposition.—ALPs produced in the stellar

core may decay into photons before leaving the star,
depositing energy inside it. This important aspect was
never properly addressed in previous investigations. Only
in Ref. [24] some attempts were made to account for energy
deposition in the stellar core through ALP decay, however
with the simplified assumption that only ALPs decaying
beyond the convective zone would contribute to the energy
loss. To carry our more realistic analysis self-consistently,
we now include the effects of the energy deposited by the
decaying ALPs directly into the stellar simulations. This
allows us to check quantitatively all the outcomes of this
energy deposition as well as the stellar feedback on the
ALP production. Here we describe the ballistic method we
adopt. We assume that ALPs are isotropically emitted, and
we model the decay probability as an exponential function
with a scale given by the ALP decay length [35,36]

λ ¼ 64π

g2aγm3
a

E
ma

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
E
ma

�
−2

s

¼ 0.57g−25 m−3
100

E
ma

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
E
ma

�
−2

s
R⊙; ð5Þ

where g5 ¼ gaγ=10−5 GeV−1, m100 ¼ ma=100 keV, and
R⊙ ¼ 6.957 × 1010 cm is the solar radius.
Assuming azimuthal symmetry, for ALPs produced at a

radius r, the fraction of survived particles at a radius R after
traveling a nonradial path l is given by e−lðr;R;αÞ=λ, where the
path l depends on the production radius r, the decay radius
R, and the zenith angle α, defined as the angle between the
particle trajectory and the outward radial direction. For
numerical purposes, we discretized the star envelope in N
shells, each one delimited by the radii Ri and Riþ1

(i ¼ 1;…; N, with R1 ¼ 0 km and RNþ1 ¼ Rs, Rs being
the star radius). Since ALPs are emitted isotropically, they
can propagate forward (0 ≤ α ≤ π=2) or backward
(π=2 < α ≤ π). Therefore, the energy may be deposited
in the ith shell by ALPs produced at larger (r > Riþ1) or
lower radii (r < Ri). In addition, due to the finite size of the
shell, ALPs may decay in the production shell itself
(Ri < r < Riþ1), before escaping from it. The contribution
ΔLi;d to the rate ΔLi of energy deposited in the ith shell is
given by

ΔLi;dðαÞ ¼ 2π

Z
Ir;d

dr r2
Z

∞

ma

dEE
d _naðrÞ
dE

χdðl; λÞ; ð6Þ

where 2π comes from the integration over the azimuthal
angle, Ir;d is the integration domain for the radius,

d _naðrÞ=dE is the production rate given by Eq. (3), and
χdðl; λÞ accounts for the fraction of ALPs decaying in the
ith shell, depending on the path l and the decay length λ.
The explicit forms of Ir;d and χdðl; λÞ depend on the
considered contribution. For instance, for forward emission
(d ¼ F) the integration domain is Ir;F ¼ ½0; Riþ1� and

χF ¼
�
e−lðr;Ri;αÞ=λ − e−lðr;Riþ1;αÞ=λ; r ∈ ½0; RiÞ;
1 − e−lðr;Riþ1;αÞ=λ r ∈ ½Ri; Riþ1Þ;

ð7Þ

with the path length l given by

lðr; R; αÞ ¼ −r cos αþ R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
r
R

�
2

sin2α

s
: ð8Þ

In Sec. IA of the Supplemental Material [37], we provide
details on the contributions related to the backward
emission. We can compute the total rate of energy deposited
in the ith shell as

ΔLiðαÞ ¼
X
d

ΔLi;dðαÞ; ð9Þ

where the sum is over all the possible contributions.
The rate of energy deposited per unit mass in the ith shell

is defined as

εdep;iðαÞ ¼
ΔLiðαÞ
ΔMi

; ð10Þ

whereΔMi is the mass enclosed in the ith shell. Finally, the
rate of energy deposited per unit mass averaged over the
cosine of the emission angle is given by

hεdep;ii ¼
Z

π=2

0

dα sin α εdep;i; ð11Þ

where α ≤ π=2, with the backward emission corresponding
to π − α. We evaluate the integral in Eq. (11) with a
Gaussian-Legendre Nα-point quadrature formula. Our
results are obtained fixing Nα ¼ 10. In Sec. IB of the
Supplemental Material [37] we show that this choice is
sufficient to guarantee good accuracy in our numerical
analysis.
ALP energy transfer in GC stars.—The usual assumption

in stellar model computations is that ALPs, once produced
in the hot core, escape the star, thus acting as a local energy-
loss process. This assumption becomes particularly inad-
equate if the ALP MFP is smaller than the convective core
radius. In this case, the ALP production and decay
processes cause an energy redistribution within the core,
which reduces the temperature gradient and, in turn, limits
the convective instability. In practice, in the case of HB
stars the ALP decay cannot be neglected for ALP masses
above ma ∼ 0.4 MeV and coupling constants above
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gaγ ∼ 10−6 GeV−1. In Fig. 2, we show the evolution of the
rate of energy loss (due to the coalescence process) and the
rate of energy deposition (due to the ALP decay) within the
convective core of a HB model computed assuming ma ¼
0.4 MeV and gaγ ¼ 3 × 10−6 GeV−1. In each of the four
panels, the corresponding central density and temperature,
central He mass fraction, and stellar luminosity are
reported. For a large portion of the HB lifetime, the
redistribution of the nuclear energy released near the center
is dominated by the convective mixing. However, when the
central He mass fraction is reduced down to XHe ∼ 0.2,
ALP production and decay start to contribute to the energy
transport [Fig. 2(a)]. As a consequence, the temperature
gradient becomes smaller and, in turn, the convective
instability recedes. The maximum effects is attained when
XHe ∼ 0.1 [Fig. 2(b)]. This causes a premature disappear-
ance of the convective core, although the He burning is still
effective near the center, inducing a rapid contraction of the
stellar core, not coupled to an increase in the temperature,
because of the combined action of ALP and plasma-
neutrino production. As a result, the core temperature
decreases slightly (the maximum T moves off center),
while a substantial increase in the density occurs [Figs. 2(c)
and 2(d)].
In Fig. 3, we compare the luminosity evolution of HB

models computed assuming different values forma and gaγ .
In Ref. [22] it was shown that, assuming a conservative
upper limit for the He content of the early galactic gas,
Y ¼ 0.26, the R parameter obtained from photometric
observations of 39 GCs, R ¼ 1.39� 0.03, implies the

upper bound gaγ ¼ 0.65 × 10−10 GeV−1 (95% C. L.) for
light ALPs (ma ≲ 10 keV). As further discussed in
Ref. [24], in order to constrain heavier ALPs, we have
evaluated the HB lifetime for a GC benchmark without
exotic energy loss (the black-dashed line in Fig. 3) and
for a model including light ALPs with gaγ ¼ 0.65 ×
10−10 GeV−1 (black-solid line in Fig. 3). Since the value
of the R parameter is directly related to the HB lifetime, we
can find the ALP bound at any mass in perfect analogy to
what was done in the case of light ALPs. Specifically, to find
the 95% C.L. we should require that the HB lifetime at any
fixed ALP mass is not shorter than the lifetime correspond-
ing to a light ALP with gaγ ¼ 0.65 × 10−10 GeV−1. The
comparison with the lifetime of the reference model is done
when the stellar luminosity attains logL=L⊙ ¼ 1.9, L⊙
being the Sun luminosity, a level representative of the upper
HB boundary. According to this rule, we find that the bound
in Ref. [22] for light ALPs can be reproduced by assuming
for instance ma ¼ 0.4 MeV and gaγ ¼ 1.6 × 10−6 GeV−1.
Smaller couplings cannot be excluded, because they lead to
longer HB lifetimes. This is the case of the ma ¼ 0.4 MeV
and gaγ ¼ 10−6 GeV−1model represented by the blue line in
Fig. 3. On the contrary, the HB is too short at a larger
coupling, as in the case of the model with ma ¼ 0.4 MeV
and gaγ ¼ 5 × 10−6 GeV−1 represented by the red line in
Fig. 3. However, for even larger couplings (an example
is the model shown in magenta in Fig. 3, with
gaγ ¼ 1 × 10−5 GeV−1) the HB lifetime begins to increase
again. This occurrence is due to the extreme reduction of the
ALP MFP that scales as g−2aγ . Therefore, for high couplings,
the ALPMFP becomes so short that most of the ALPs decay
very close to their production site, and their contribution to
the energy redistribution becomes negligible. Thus, for each
value of the ALPmass we get a pair of gaγ that reproduce the
light ALP bound.

FIG. 2. In each panel, the two curves show, respectively, (i) the
energy-loss rate, due to the coalescence process (always neg-
ative), and (ii) the energy deposition rate, due to the ALP-decay
process (always positive), within the core of a late HB model. The
dashed vertical line in panel (a) and (b) marks the location of the
external border of the convective core.

FIG. 3. Luminosity versus time for HB models computed under
different assumptions for ALP mass (in MeV) and coupling (in
GeV−1), as reported in the inside caption. Time 0 corresponds to
the beginning of the He burning.
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In Sec. II of the Supplemental Material [37] we compare
the results obtained with the ballistic method used here
with the ones found using the diffusive energy-transfer
approach.
Conclusions.—In this Letter, we presented a detailed

study of the ALP-induced energy transfer in HB stars
including, for the first time, a reliable quantitative analysis
of the effects of ALPs decaying into photons inside the
stellar core. For this purpose, we developed a simple recipe
to model this nonlocal energy transfer process and included
it in our numerical simulations. Our study strenghtens
the ALP-photon bound for masses ma ∼ 0.4 MeV, thus
restricting the “cosmological triangle.’. Though applied to
the specific case of HB stars in GCs, our method can be
readily extended to other stars, providing a general recipe to
describe energy transfer in situations in which neither the
free streaming nor the diffuse approximations are fully
justified.
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